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In the last decade, Neutron Tomography significantly gained importance as an analyzing tool to inspect samples
of paleontological interest. In general, neutrons are able to provide new and complementary information when
compared to the ones provided by X-rays imaging methods. Specifically, in the present paper, the Neutron
Tomography equipment of the IPEN-CNEN/SP was successfully applied to investigate the internal structure of
a fish fossil, embedded in a calcareous concretion. The resulting images, which will be presented, has revealed
different contrast between several regions within the specimen enabling the differencing of osteological structures
of the fossil, information about its state of conservation, degree of embedding, inclusions as well as regions within
the concretion which could be related to humidity or to other substances and minerals containing hydrogen
naturally added to the fossil. The technique is non-destructive and non-invasive allowing a close analysis of
the specimen. Furthermore, the obtained images have demonstrated the feasibility of the equipment at IPEN-

CNEN/SP for investigating this kind of sample.

1. Introduction

Neutron Tomography — NT has demonstrated for being a valuable
investigation tool in many fields of research such as biology, medicine,
engineering, etc. Its use for archaeological and paleontological studies
is quite recent and the first results were reported in the 90’s [1-5].
Particularly for the interest of the present work, and in contrast to X-
rays, neutrons are able to penetrate thick layers of some rocks and on
the other hand provide a high sensitivity to detect small amounts of
hydrogenous substances, making NT a unique tool to investigate and to
characterize the internal structure of fossil samples. It is not surprising
the growing interest of the scientific community to its use for such
investigations [6-8].

The Brazilian Institute for Nuclear Technology (IPEN-CNEN/SP)
has equipment for Neutron Tomography, which has been operational
since 2011 providing images with sufficient quality, in terms of spatial
resolution and sensitivity, for paleontological investigations. The results
obtained in the present work have demonstrated the potential of the NT
and of the present equipment to investigate fossils embedded within
a rock matrix, specifically a fish fossil specimen embedded within a
calcareous concretion [9-11].
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2. The equipment for Neutron Tomography

The equipment for Neutron Tomography is installed at the Beam-
Hole (BH) #14, of the 5 MW IEA - R1 Nuclear Research Reactor, of
the IPEN - CNEN/SP. The Fig. 1 shows the equipment sketch, and some
of its main components are: the rotating table where the sample to be
tomographed is irradiated; the scintillator screen (Li®F/ZNS - NE426)
where the image of the internal structure of the sample is formed; the
plane mirror that reflects this image to the video camera; the CCD video
camera (ANDOR Ikon — M, 16 bits, 1024 x 1024 pixels, 12 x 12 ym?
pixel size) for imaging capture; the radiation shielding. The rotating
table is able to rotate the sample between 0 and 360°. The camera
and the rotating table are coupled to a computer making the system
automated, in such a way that after the first image being captured, the
sample is rotated and a new image is captured. At present, 400 images
are necessary for a tomography, the angle between images is 0.9° and
the time per image capture is 1 s. Two softwares are used, the Octopus
V8.7 [12,13] for image reconstruction in the viewing planes XY, XZ,
YZ, and the VGStudioMAX V2.2 for 3D visualization [14]. The neutron
flux at the irradiation position (measured by the Au-foil method) is 8 x
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Fig. 1. Sketch of the equipment for Neutron Tomography.
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Fig. 2. Geographic location of the Araripe Basin.
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Fig. 3. Photography of the Notelops brama.

10° n ecm~2 s71, the flat field of the beam is 16 cm in diameter, the best
achievable spatial resolution is 205 + 25 pm, and the field of view is 18 x
18 cm?. The references [9-11,15-17] describe in detail, the equipment
and the procedures for tomography.

3. The specimen

The fish fossil specimen investigated in the present study was the
Notelops brama provided by the Geosciences Institute of University of
Sido Paulo (IGc — USP). It was collected in the Santana Formation (Mem-
ber ROMUALDO) located close to “Santana do Cariri” county at the
Araripe Basin, with an area of about 8.000 to 9.000 km?, bordering the
states of Ceard, Pernambuco and Piaui in Northeastern of Brazil (Fig. 2).
Among the Geological Formations in the Araripe Basin, this is the most
fossiliferous with eocretacic age between 100.5 and 66 M.a [18]. From
the 32 fish fossil specimens usually found in this Formation, 28 are
embedded in calcareous concretions. Frequently in these specimens, the
extremities of the fossils are not visible being necessary the employment
of invasive techniques to remove part of the calcareous concretion for
its identification [19]. Among these techniques is the partial immersion
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of the specimen in an acid solution, and the procedure for removing is
very slow taking typically about 4 months to be concluded. In spite of
being efficient, displacements of some osteological structures of skeleton
are often expected, changing their original position or even damaging
them [19]. The second technique, the one employed in the specimen
of the present paper, the concretion was removed by scrapping, using a
burin, resulting in the sample shown in Fig. 3 with full length of 147 mm
and maximal width of 44 mm.

4. Results and discussions

The neutron tomography file consists of 400 slices corresponding to
the plane of view XY, 150 to the plane XZ and 102 to the plane YZ,
and each slice refers to a thickness of 0.28 mm of the specimen(for
reference see Fig. 3). The Fig. 4a, b and c show three selected slices.
The first refers to the plane XY at 37 mm depth within the specimen
and the second to the plane XZ at 28 mm depth, in which it is possible
to visualize the border (red dashed lines) limiting the concretion (left)
and details of osteological structure of the fossil (right), as well as
concretion inclusions to the fossil, here seen as light gray color blurred
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Selected tomography slices for the viewing planes: (a) XY, (b) XZ, (c) YZ respectively.

Fig. 5. 3D image obtained by Neutron Tomography.

areas. Fig. 4c shows the third selected slice, corresponding to the plane
YZ, at 13 mm depth in the specimen, in which part of the osteological
structure, particularly the vertebral column of the fossil as well as its
Orbit (red circle) are clearly visible.

It is worthwhile to mention that, as a first qualitative analysis of
the tomography slices, areas of different neutron attenuation can be
clearly identified, in such way, that the brighter the area, the higher
is the attenuation. These areas could be related to humidity or other
substances and minerals containing hydrogen naturally added to the
fossil [20]. On the other hand, void structures, here identified as darkest
areas in the fossil, as in Fig. 4b, were also found. Both the voids as the
bright areas were seen in tomographic slices at different depths of the
specimen and their sizes can eventually be determined quantitatively. In
general, for paleontology studies, such information can be a good hint
to evaluate the history of the specimen [20,21].

Fig. 5 is a 3D general image of the studied specimen, obtained from
the tomography file.

Using image processing tools available in the software mentioned
in (2), the remaining calcareous concretion (see Fig. 3) was partially
removed and some osteological structures of the fossil, shown in Fig. 6,
were identified: cleithrum (Cl), hiomandibulare (Hm), interoperculum
(lop), metapterygoid (Mtp), preopercle (Pop), supracleithrum (Scl), ribs
(r), dentary (D), Maxilla (Mx) and some vertebras (v). In addition, the
ocular cavity (Orb) is also clearly visible [20].

In Fig. 7 the calcareous concretion was entirely removed and the
entire vertebral column could be visualized. In Fig. 8 the vertebral
column was zoomed, allowing clearly verifying the shape and the size

70

Fig. 6. 3D processed image, enhancing some osteological structures.

of a single vertebra. From these figures, it was possible to find out
the poor state of conservation of the fossil, evidenced by articulated
and misaligned vertebral centers, as well as the absence of some skull
bones [20].

Searching for fragments of the missing bones that would be em-
bedded within the remaining calcareous concretion, the 3D general
image of the specimen, specifically the part referring to the concretion,
was visually inspected. For such purpose this image was split in about
350 individual slices along the plan of view XY (see reference in
Fig. 3), each one representing 0.28 mm of the specimen. In order to
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Fig. 7. 3D image enhancing the remaining osteological structure.

Distance 1:

Fig. 8. Zoom of some vertebras.

facilitate the search, these slices were colored in such way the embedded
fragments would appear like individual “red grains”, in a ‘“yellow-
green” concretion. No fragments were found, however as demonstrated
in Fig. 9, which is a 3D image of the specimen, split in half, only
dispersed ‘“‘red spots” in the concretion could be seen.

Finally, in performing the tomography is important to consider that
the chemical elements of the specimen will be irradiated in an intense
neutron beam and some of them will be activated. By scanning the
gamma radiation dose rate at the surface of the specimen, the induced
activation became negligible 24 h after completing the tomography
process.

5. Conclusions

The tomographies, as well as the 3D images obtained in the present
work, corroborate the capability of the NT technique to investigate and
characterize the internal structure of fossil specimens, addressing it in a
large number of paleontology problems enabling:

— study of the fossil without displacing any internal structures;

— quickness, since a tomography is obtained in 6 or 7 min;

— the study of large samples, max. 100 cm? with a thickness between
5and 10 cm;

— in spite the time interval, for which the induced radioactivity by
neutrons in the specimen becomes negligible, is about 24 h from the end
of the tomography, It is very important to emphasize that this result is
valid only for this specific specimen. For other specimens, their basic
compositions and impurities, can lead to different, radiation levels and
time intervals.
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Fig. 9. 3D split image of the specimen: calcareous concretion (left) and the fossil (right)
. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Finally, the NT also enables a non-invasive previous investigation
about the state of conservation and the degree of embedding of the fossil,
aiming to take the decision about the necessity as well as to determine
the most adequate method for removing the calcareous concretion, to
expose the fossil.
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